Cannabinoids and opioids are widely consumed drugs of abuse that produce motor depression, in part via respective activation of the cannabinoid subtype 1 receptor (CB1R) and the -opioid receptor (OR), in the striatal circuitry originating in the caudate putamen nucleus (CPN). Thus, the CB1R and OR may show similar targeting in the CPN. To test this hypothesis, we examined the electron microscopic immunocytochemical labeling of CB1R and OR in CPN patches of rat brain. Of the CB1R-labeled profiles, 34% (588) were dendrites, presumably arising from spiny as well as aspiny-type somata, which also contained CB1R immunoreactivity. In dendrites, CB1R often was localized to nonsynaptic and synaptic plasma membranes, particularly near asymmetric excitatory-type junctions. Almost one-half of the CB1R-labeled dendrites contained OR immunoreactivity, whereas only 20% of all OR-labeled dendrites expressed CB1R. Axons and axon terminals as well as abundant glial processes also showed plasmalemmal CB1R and were mainly without OR immunoreactivity. Many CB1R-labeled axon terminals were small and without recognizable synaptic junctions, but a few also formed asymmetric, or more rarely symmetric, synapses. The CB1R-labeled glial processes were often perivascular or perisynaptic, surrounding asymmetric excitatory-type axospinous synapses. Our results show that in CPN patches CB1R and OR are targeted strategically to some of the same postsynaptic neurons, which may account for certain similarities in motor function. Furthermore, they also provide evidence that CB1R may play a major role in the modulation of presynaptic transmitter release and glial functions that are unaffected in large part by opioids active at OR in CPN.
⌬
9 -Tetrahydrocannabinol (THC), the major psychoactive component of the marijuana plant (Cannabis sativa), and the two well characterized endogenous brain cannabinoids, anandamide and sn-2 arachidonylglycerol (Devane et al., 1992; Stella et al., 1997) , elicit their central actions mainly via the activation of subtypespecific cannabinoid receptors (Howlett, 1985; Little et al., 1988) . Activation of the CB1 brain cannabinoid receptor (CB1R) prominently decreases motor activity (Devane et al., 1988; Howlett et al., 1990; Matsuda et al., 1990; Rinaldi-Carmona et al., 1994; Compton et al., 1996) . The motor inhibition produced by CB1R activation has been attributed to functional sites within striatopallidal projections arising from GABAergic spiny neurons located within the caudate putamen nucleus (CPN) . Opiates active at the -opioid receptor (OR) also produce potent motor inhibition and share many pharmacological and addictive properties with cannabinoids . Furthermore, the endogenous opioid peptide, enkephalin, is present in striatopallidal projection neurons, many of which express CB1R mRNA (Hohmann and Herkenham, 2000; Page et al., 2000) . Together, these observations suggest that CB1R and OR show similar targeting in the CPN.
CB1R distribution appears rather uniform throughout the rat and primate CPN, as seen by light microscopic ligand-binding autoradiography, in situ mRNA hybridization, and immunocytochemistry (Herkenham et al., , 1991b Mailleux and Vanderhaegen, 1992; Matsuda et al., 1993; Pettit et al., 1998; Tsou et al., 1998; Ong and Mackie, 1999) . Although the electron microscopic distribution of the CB1R has not been examined in the CPN, studies in other brain regions suggest preferential distribution of the receptor at presynaptic sites in inhibitory neurons (Katona et al., 1999) . In contrast, the OR in CPN has a prominent patch-like localization and a major subcellular distribution in dendrites and dendritic spines in this region (Herkenham and Pert, 1982; Mansour et al., 1987; Wang et al., 1996 Wang et al., , 1999 . The CPN patch compartments differ from the surrounding matrix in their relative size and function. The OR-enriched patches have a small volume and extensive anatomical connections with limbic-related brain regions, including those serving reward-related activities (Gerfen, 1984; Donoghue and Herkenham, 1986; Ragsdale and Graybiel, 1988; Johnston et al., 1990; White and Hiroi, 1998) . The matrix comprises Ͼ85% of the CPN and is associated more prominently with motor functions (Gerfen, 1984; Donoghue and Herkenham, 1986; Johnston et al., 1990) . Thus the patch regions are likely to be important sites for reinforced reward-related motor activity. In the present study we examined the electron microscopic immunocytochemical localization of CB1R and OR in the CPN patches of rat brain. We sought to determine (1) the sites for functional activation and intracellular trafficking of the CB1R and (2) potential overlap in the distribution between CB1R and OR in single neurons that might contribute to their similarities in motor function. Together, our results show that the CB1R is present in both neurons and glia in the CPN and that select populations of neurons in the patch regions coexpress CB1R and OR.
MATERIALS AND METHODS

Tissue preparation
The animal protocols that were used in this study adhere to National Institutes of Health Guidelines for the Care and Use of Laborator y Animals in Research and were approved by the Animal C are Committee at Weill Medical College of Cornell University. Adult male Sprague Dawley rats (300 -400 gm; Taconic, Germantown, N Y) were anesthetized deeply with sodium pentobarbital (100 mg / kg, i.p.). The brains of these animals were fixed by aortic arch perf usion with 50 ml of 3.8% acrolein (Polysciences, Warrington, PA) in a solution of 2% paraformaldehyde and 0.1 M phosphate buffer (PB), pH 7.4, followed by 250 ml of 2% paraformaldehyde. The brains were removed from the cranium and cut into 4 -5 mm coronal slabs of tissue containing the entire rostrocaudal extent of the C PN. Then this tissue was postfixed for 30 min in 2% paraformaldehyde and sectioned at 30 -40 m on a Vibratome (Leica, Deerfield, IL) (Leranth and Pickel, 1989) . To remove the excess of reactive aldehydes, we treated the sections with 1% sodium borohydride in 0.1 M PB for 30 min. Then the tissue sections were freeze-thawed to optimize the penetration of immunoreagents. For this procedure the sections were (1) incubated in cryoprotectant solution containing 25% sucrose and 3.5% glycerol in 0.05 M PB, pH 7.4, and (2) rapidly immersed in chloriduofluoromethane, followed by liquid nitrogen and room temperature PB. Then the sections were rinsed in 0.1 M PB, followed by 0.1 M Tris-buffered saline (TBS), pH 7.6.
Antibodies
A polyclonal rabbit antiserum was generated by using the N terminus 77 amino acid residues of the cloned rat CB1R f used to glutathione S-transferase (GST) as the antigen (T witchell et al., 1997) . In Western blot analysis this CB1R antiserum recognized a major band of 63 kDa in the rat cortex, hippocampus, striatum, and cerebellum corresponding to the predicted size of CB1R (Matsuda et al., 1990; Tsou et al., 1998) . The immunolabeling with this CB1R antiserum was removed selectively by preincubation with the immunizing protein (T witchell et al., 1997; Tsou et al., 1998) . Furthermore, the labeling was seen in CB1R-transfected, but not in nontransfected, AtT20 cells (Mackie et al., 1995; Tsou et al., 1998) . In addition, the immunolabeling pattern that uses this CB1R antiserum is similar to that of the corresponding mRNA and ligandbinding sites in brain (Matsuda et al., 1990; Herkenham et al., 1991a-c; Mailleux and Vanderhaegen, 1992) . A polyclonal guinea pig antiserum directed against a synthetic peptide (N HQL EN L EAETAPL P) corresponding to the C terminus (amino acids 384 -398) of the cloned rat OR1 was obtained from Chemicon (Temecula, CA). The pattern of labeling obtained with this antibody is consistent with OR autoradiographical localization and with the immunolabeling observed with other OR antibodies (Arvidsson et al., 1995; Mansour et al., 1995; Wang et al., 1996 Wang et al., , 1999 . In addition, preadsorption of the OR antiserum with the specific peptide sequence (18 g /ml) resulted in the loss of immunoreactivity.
Immunocytochemistry
Single labeling. For this procedure the vibratome sections were incubated first for 30 min in 0.5% bovine serum albumin in TBS to minimize nonspecific labeling. Then the tissue sections were incubated for 48 hr at 4°C in 0.1% bovine serum albumin in TBS containing rabbit polyclonal antiserum for CB1R at 1:2000 (for immunoperoxidase labeling) or at 1:500 (for immunogold labeling). Subsequently, the CB1R antibody was detected by using the pre-embedding immunoperoxidase or immunogold-silver methods (Chan et al., 1990) . For immunoperoxidase labeling the sections then were washed and placed in (1) 1:400 dilution of biotinylated donkey anti-rabbit (Jackson ImmunoResearch, West Grove, PA) immunoglobulin (IgG) and (2) 1:200 dilution of biotin -avidin complex from the Elite kit (Vector Laboratories, Burlingame, CA). All antisera dilutions were prepared in TBS, and the incubations were performed at room temperature. The peroxidase reaction product was visualized by incubation in a solution containing 0.022% of 3,3Ј-diaminobenzidine (DAB; Aldrich, Milwaukee, W I) and 0.003% H 2 O 2 in TBS for 6 min.
For immunogold-silver labeling the sections were rinsed in 0.01 M PBS, pH 7.4, and blocked in 0.8% BSA and 0.1% gelatin in PBS for 10 min. After this incubation the sections were processed for 2 hr in a 1:50 dilution of goat anti-rabbit IgG conjugated with 1 nm of colloidal gold (Amersham, Arlington Heights, IL) in BSA /gelatin and then rinsed in BSA /gelatin and PBS. The bound gold particles were secured in the tissue by placing the sections in 2% glutaraldehyde in 0.01 M PBS for 10 min. Then these sections were washed in 0.2 M citrate buffer and reacted for 6 -8 min with a silver enhancement solution (IntenSE kit, Amersham). The silver reaction was stopped by successive rinses in citrate buffer.
Dual labeling. For immunocytochemical localization of CB1R and ORs, previously prepared sections through the C PN were processed for combined immunoperoxidase and immunogold-silver labeling (Chan et al., 1990) . The primary antibodies against CB1R and OR were raised in rabbits and guinea pig, respectively; hence they could be distinguished by appropriate species-specific secondary antibodies. Peroxidase and gold markers were switched in alternate sections to maximize the detection of either antigen with methods differing in resolution and sensitivity (Leranth and Pickel, 1989) . Sections were incubated for 48 hr at 4°C in 0.1% bovine serum albumin in TBS containing (1) rabbit polyclonal antiserum for CB1R (1:2000 dilution for immunoperoxidase and 1:500 dilution for immunogold) and (2) guinea pig polyclonal antiserum for OR (1:1000 dilution for immunoperoxidase and 1:200 dilution for immunogold). After the incubation with these primary antisera the sections were processed for peroxidase first and then for gold detection, as described above. Biotinylated donkey anti-rabbit IgG (1:400; Jackson ImmunoResearch) or gold-conjugated goat anti-rabbit IgG (1:50; Amersham) was used for CB1R labeling. Goat anti-guinea pig IgG, which either was biotinylated (1:400; Vector Laboratories) or was conjugated with gold (1:50; Electron Microscopy Sciences, Ft. Washington, PA), was used for OR labeling.
Electron microscopic examination and nomenclature
For electron microscopy the immunolabeled tissue sections were rinsed in 0.1 M PB, pH 7.4, and then postfixed for 1 hr in 2% osmium tetroxide in PB. They subsequently were dehydrated through a graded series of ethanols and propylene oxide before being embedded in Epon 812 between sheets of Aclar plastic (Allied Signal, Pottsville, PA) (Leranth and Pickel, 1989) . Ultrathin sections were cut with a diamond knife (Diatome, Fort Washington, PA) and collected on copper mesh grids. The sections on grids were counterstained with uranyl acetate and lead citrate (Reynolds, 1963) and were examined with a Philips C M-10 electron microscope (Philips, Mahwah, NJ).
Labeled profiles were classified as somata, dendrites, dendritic spines, unmyelinated axons, axon terminals, and glia according to their morphological features, as defined by Peters et al. (1991) . Somatic profiles were identified by the presence of nuclei and abundant cytoplasm. Dendrites were recognized by the presence of afferent axon terminals and /or content of endoplasmic reticulum. The dendritic profiles were differentiated from dendritic spines on the basis of their larger size and greater abundance of mitochondria and other organelles. As compared with spines, dendrites also less frequently received input from axon terminals forming asymmetric excitatory-type synapses. Dendritic spine heads were usually larger than small axonal or glial profiles and had a more rounded, bulbous shape. Unmyelinated axons were Ͻ0.2 m in diameter and contained microtubules and a few small vesicles. Although unmyelinated axonal profiles were recognized easily in bundles, individual axons were sometimes difficult to distinguish from spine necks. In this case they were included in the category of unidentified small profiles. We defined axon terminals as being profiles between 0.2 and 1.5 m in diameter and containing many small synaptic vesicles (SSVs). Synapses were defined as symmetric when having thin presynaptic and postsynaptic densities or as asymmetric when having a thin presynaptic and a thick postsynaptic membrane specialization. Perforated synapses were defined as those asymmetric synapses with a notable discontinuity (Ͼ50 nm) in the electron density of the postsynaptic junction (Greenough et al., 1978) . Glial profiles were characterized by their irregular shape and investment of neighboring neurons. In some cases the intermediate filaments also were used to identif y astrocytic profiles.
Immunogold-silver labeling for each receptor antigen was characterized as either plasmalemmal or cytoplasmic. The former would reflect potential f unctional sites accessible to extracellular ligands, whereas the later might reflect internalized or newly synthesized receptor protein (Boudin et al., 1998) . A profile was considered to be immunogold-silverlabeled when (1) two or more gold particles were observed within the cytoplasm independently of their subcellular location or (2) at least one gold particle was observed on the plasma membrane (Garzón et al., 1999) .
Data analysis
The ultrastructural analysis was performed exclusively on the most superficial portions of the tissue in contact with the embedding plastic to minimize artificial differences in labeling attributed to potential differences in the penetration of reagents (Pickel et al., 1992) . Regions used for this analysis were chosen on the basis of the presence of CB1R and /or OR immunoreactivity and the morphological integrity of the tissue. The labeled profiles were examined in 16 vibratome sections obtained from three animals that were taken through the C PN at a level 0.7-1.7 mm anterior to bregma, according to the rat brain atlas of Paxinos and Watson (1986) . Three sections from each animal were collected for quantification purposes. All immunoreactive processes (n ϭ 2316) were counted in randomly sampled electron micrographs taken at magnifications of 5200 -21,000ϫ from an area of 8113.90 m 2 , with an area of at least 2450.68 m 2 in each animal. Random sampling was assured by using an automated specimen relocation system on the C M-10 electron microscope to identif y fields for analysis, which were stored at a magnification of 3900ϫ. These sections were processed with immunoperoxidase for OR and with immunogold for the localization of CB1R. Sections processed with reversal of the markers were examined to confirm the cellular distributions of the receptors.
The electron micrographs used for the figures were scanned on a PowerMacintosh 9600/300 Computer (Apple Computers, Cupertino, CA) with an AGFA Duoscan T1200 (Agfa-Gevaert, Montsel, Belgium) in combination with Fotolook (Agfa-Gevaert) and Adobe Photoshop (version 4.0; Adobe Systems, Mountain View, CA) software. To build and label the composite illustrations, we used QuarkXpress (version 3.32; Quark, Denver, C O) and Adobe I llustrator (version 6.0; Adobe Systems) software.
RESULTS
CB1R-like immunoreactivity (CB1R-LI) was seen by light microscopy within cells in both matrix and patch compartments of the CPN, whereas OR-like immunoreactivity (OR-LI) was present almost exclusively in patches (Fig. 1) . Many of the CB1R-labeled cells had round nuclei and multiple branched processes that are typical of spiny neurons. Other CB1R-labeled cells resembled perivascular astrocytes (Fig. 1) . In electron micrographs from CPN patches, structures containing CB1R-LI represented 25% (588 of 2316) of the total labeled profiles, whereas 75% (1728 of 2316) contained exclusively OR-LI. Sixty-four percent (374 of 588) of the CB1R-labeled profiles were neuronal, and the remaining were glial or unidentified. Twenty-six percent (154 of 588) of the total CB1R-labeled profiles, mainly dendritic, also contained OR-LI within the CPN patches (Fig. 2 A) . Dendrites and dendritic spines also comprised 60% (1121 of 1882) of the total OR-labeled profiles, and the remaining profiles were primarily axons and axon terminals (Fig. 2 B) . Many more glial processes expressed CB1R than OR despite the greater abundance of OR-labeled profiles in the CPN patches.
Somatodendritic CB1R distribution and relation with OR
In the CPN, CB1R-LI was localized discretely within the cytoplasm of many somata containing round nonindented and a few indented nuclei, which are typical of spiny and aspiny neurons, respectively (DiFiglia et al., 1980) . In somata the CB1R labeling was distributed on selective segments of plasma membranes and along membranes of the trans-Golgi lamellae near the nucleus (Fig. 3A) . The plasmalemmal CB1R-LI often was present on portions of the membrane apposed to small axons or terminals without recognizable synaptic specializations (Fig. 3A) . Occasionally, CB1R-LI also was seen within multivesicular bodies and/or endosome-like organelles (Fig. 3B) . In sections processed for dual labeling almost one-half of the CB1R-immunoreactive Immunogold labeling (open arrows) for CB1R within a striatal patch, which shows brown peroxidase reaction product identifying OR immunoreactivity. Gold CB1R labeling also is seen in numerous cells and processes within the matrix compartment, which is without OR peroxidase reaction product. Scale bars: A, 50 m; insets in A, B, 25 m. somata (6 of 15) within the CPN patch contained OR-LI. In these somata, as well as in those without detectable CB1R, OR-LI often was associated with segments of plasma membrane and/or with saccules of the SER. Somata containing CB1R and/or OR received sparse synaptic input, all from unlabeled terminals. These synapses showed similar percentages of symmetric and asymmetric junctions. Of the total synapses detected on immunoreactive profiles, the synaptic contacts that were established on singly and dually labeled somata represented only 2% (14 of 653).
Dendrites were the most abundant CB1R-labeled processes in the CPN patch (see Fig. 2 A) . The CB1R labeling was distributed mainly on extrasynaptic and/or perisynaptic plasma membranes in small and medium-sized dendrites (Figs. 4, 5A,B, 6A) . In larger proximal dendrites and in some smaller dendrites, CB1R-LI also was observed within the cytoplasm, where membranes of SER and mitochondria were the organelles that were labeled most commonly (Figs. 4, 5A,B) . In sections that were processed for dual labeling, almost one-half of CB1R-limmunoreactive dendrites contained OR (96 of 201, 48%; see Fig. 2 A) . Of the total labeled dendrites within the CPN patch, however, CB1R and dually labeled dendrites represented 18 and 16% (105 of 584; 96 of 584), respectively. The remaining dendrites contained only OR-LI (383 of 584, 66%). Similarly, dually labeled dendrites represented only 20% (96 of 479) of all OR-containing dendrites (see Fig.  2 B) . In dually labeled dendrites CB1R and OR showed mainly nonoverlapping distributions (see Figs. 2, 6 A) , although both receptors were associated mainly with nonsynaptic plasma membrane (see Fig. 6 A) . All single and dually labeled dendrites received synaptic contacts primarily from unlabeled axon terminals (112 of 119, 94.12%; Figs. 5, 6 ). These included similar proportions of symmetric and asymmetric junctions.
Within the CPN patch, dendritic spines containing only CB1R represented 4% (24 of 588) of all CB1R-immunoreactive profiles, whereas 6% (35 of 588) of these profiles contained both CB1R and OR (see Fig. 2 A) . Consistent with the small number of CB1R-and CB1R/OR-containing spines, only 7% (48 of 653) of the synaptic inputs to labeled profiles were on these spines. Over 90% of the labeled spines received asymmetric synapses from unlabeled terminals (Figs. 5B,C, 6B,C) . In dendritic spines CB1R immunoreactivity was distributed along the plasma membrane of both head and neck regions and occasionally near the spinous apparatus in the spine necks (Figs. 5B,C, 6B,C). Immunogold particles for CB1R also were localized to synaptic and perisynaptic portions of the plasma membrane (see Figs. 4, 6 B, C) .
In contrast with CB1R, OR-LI within the CPN patch was most prevalent in dendritic spines (see Fig. 2 B) , only 5% (35 of 642) of which contained CB1R (see Fig. 2 B) . OR labeling often was detected along nonsynaptic portions of the plasma membrane of spine heads and necks but also was seen in postsynaptic junctions and distributed more diffusely within the cytoplasm within dendritic spines (Fig. 6 B,C) . CB1R and OR immunoreactivities rarely appeared to have overlapping distributions (Fig.  6 B,C) . Consistent with the large number of OR-labeled dendritic spines, they received 72% (472 of 653) of the total synaptic input to labeled profiles within the CPN patch. These contacts were mainly asymmetric synapses (466 of 472, 99%; Fig. 6 B,C) formed by unlabeled axon terminals.
Axonal CB1R distribution and relation with OR
CB1R-LI was present in small axons and axon terminals (see Fig.  2 ). The CB1R-labeled terminals contained numerous SSVs and tubulovesicles as well as an occasional mitochondrion (Fig. 7A,B) . The peroxidase reaction product often was associated discretely with membranes of these cytoplasmic organelles, but in some cases the reaction product also was localized intensely to presynaptic plasma membrane. Small unmyelinated axons and axon terminals comprised ϳ17% (99 of 588) of CB1R-labeled profiles (see Fig. 2 A) . Within the axon terminals CB1R immunogold particles were distributed occasionally on perisynaptic portions of the plasma membrane (Fig. 7D ). Of these profiles only 4% (2 of 46) of the small axons and 13% (7 of 53) of the axon terminals also contained OR (see Fig. 2 A) . In contrast, OR receptors were present in many small axons (489 of 1882) but in relatively few terminals (46 of 1882), representing 28% of OR-labeled profiles (see Figs. 2 B, 7E) . The percentages of OR-labeled axons and axon terminals also displaying CB1R immunoreactivity were less than the 5% (see Fig. 2 B) .
Within the CPN patch, axon terminals containing CB1R often were without recognizable membrane specializations but sometimes formed symmetric (5 of 24, 21%; Fig. 7E ) or more commonly asymmetric (19 of 24, 79%; Fig. 7A,C,D) junctions. Of the total synaptic contacts that were established by labeled axon terminals, 62% (24 of 39) were formed by CB1R-labeled terminals within in the CPN patch, and only two of these also contained OR. The remaining 38% (15 of 39) were formed by OR-labeled terminals, and most of these were asymmetric axospinous and axodendritic synapses with or without recognizable perforations (12 of 15, 80%). Dendrites that received input from CB1R-containing terminals were unlabeled or also contained CB1R and/or OR. Dendritic spines targeted by CB1R-labeled terminals were unlabeled or OR-immunoreactive.
Glial CB1R distribution and relation with OR
CB1R labeling was seen prominently in glial cell bodies as well as in many filamentous glial processes throughout the CPN (see Figs. 1, 8) . The CB1R-labeled glial profiles in patches represented 25% (147 of 588) of the CB1R-immunoreactive profiles (see Fig.  2 A) . Peroxidase reaction product for CB1R was distributed throughout the cytoplasm and along the plasma membrane of the glial processes (Fig. 8 A,C) . Immunogold particles also were seen in the cytoplasm and along the plasma membrane (see Figs. 4,  8 B) . The CB1R-labeled glial processes were often perivascular and apposed the basal membrane of endothelial cells lining the blood vessels (see Figs. 1 A, 8A,B) . Other labeled glial processes within the neuropil were perisynaptic (Fig. 8) . These apposed presynaptic and/or postsynaptic profiles at asymmetric axospinous synapses (Fig. 8A,C) . Only three of 147 (2%) of the CB1R-labeled glial profiles contained OR immunoreactivity (see Fig.  2 A) . Exclusively OR-labeled glial profiles also were seen rarely (see Fig. 2 B) .
DISCUSSION
Our results demonstrate that CB1R has a discrete cytoplasmic location within somata and dendrites in the CPN, where the regional and cellular distributions are mainly distinct from OR. Within OR-enriched patches, however, CB1R and OR are also present in some of the same spiny neurons, suggesting that dual modulation of the output from these mainly GABAergic projection neurons may, in part, account for the motor inhibition produced by both cannabinoids and opioids. In addition, we also establish that many mainly excitatory-type axon terminals and associated glial processes, as well as perivascular astrocytes, ex- press CB1R. Together, these results suggest diverse functional sites for striatal activation of CB1R that may affect directly the postsynaptic excitability of spiny neurons and presynaptic availability of amino acid transmitters in the CPN. They also indicate that glial CB1R may play a novel role in coupling neuronal activity with cerebral blood flow and/or metabolism.
Colocalization of CB1R and OR in patch neurons
The observed colocalization of CB1R and OR in somata and dendrites of several spiny neurons in CPN patches suggests that at least some of the common physiological actions produced by cannabinoids and opioids reflect dual targeting to single cells. This is consistent with the fact that both the OR and CB1R are found in striatal GABAergic neurons (Svingos et al., 1997; Tsou et al., 1998; Wang et al., 1999; Hohmann and Herkenham, 2000) . In addition, the association of CB1R and OR with similar cytoplasmic organelles in single neurons in the present study suggests potential coupling to similar second messenger systems. This hypothesis is supported by the fact that both receptors are known to be coupled to G i /G o GTP-binding proteins and inhibit adenylyl cyclase activity, block voltage-dependent calcium channels, and activate potassium channels (Childers, 1991; Howlett, 1995; Shapira et al., 1998) . Thus, in neurons containing both CB1R and OR, there may be reciprocal competition for the same pool of G i -proteins . Based on the presently observed distribution, it is likely, however, that the output from spiny neurons within patch regions is affected more prominently by OR activation, whereas cannabinoids also affect the inhibitory output of matrix neurons.
Cellular and subcellular targeting of CB1R
The present localization of CB1R within somata and dendrites of spiny neurons throughout the CPN confirms and extends light A, Peroxidase reaction product on the plasma membrane and aggregated within the adjacent cytoplasm, separating the plasma membrane from a nearby mitochondrion ( M ). The labeling is near an asymmetric synapse (black curved arrow) established by an unlabeled terminal (UT1). The postsynaptic specialization in this dendrite also appears more electron dense than the one established ( gray curved arrow) by a nearby unlabeled terminal (UT2) with an unlabeled spine (USp). The labeled dendritic plasma membrane is apposed by an unlabeled glial process (asterisk) located near small unmyelinated axons (UA). B, Peroxidase reaction product associated with smooth endoplasmic reticulum (SER) and with the plasma membrane at the base of a dendritic spine. The reaction product also is distributed throughout the spine neck and head, which receives an asymmetric synapse (curved arrow) from an unlabeled terminal (UT1). The CB1R-labeled dendrite (CB1R D) is apposed by another unlabeled terminal (UT2) and by an unlabeled dendrite (UD). C, Immunogold labeling on the plasma membrane close to the spinous apparatus (SpAp) in a dendritic spine neck. The labeled spine (CB1R Sp) receives an asymmetric synapse (curved arrow) from an unlabeled terminal (UT ). Scale bars: A, B, 0.25 m; C, 0.3 m.
microscopic studies showing that CB1R mRNA and protein are distributed homogeneously in this brain region (Matsuda et al., 1990; Herkenham et al., 1991a-c; Mailleux and Vanderhaegen, 1992; Pettit et al., 1998; Tsou et al., 1998; Hohmann and Herkenham, 2000) . CB1R somatodendritic localization differs, however, from the recent light microscopic study showing CB1R labeling only in presumed axonal processes within the CPN (Egertová and Elphick, 2000) . Most likely these differences are mainly methodological, because there were major differences in antisera and tissue preparation in our study as compared with Egertová and Elphick (2000) . The somatic and dendritic distribution of CB1R-LI near the plasma membrane and in association with the SER and Golgi apparatus suggests that these are sites for activation and intracellular trafficking of CB1R in the C PN and are similar to those reported in other brain regions (Katona et al., 1999) . Our detection of CB1R within somatic multivesicular bodies and /or endosomes that are involved in internalization and recycling of receptor proteins also is in agreement with the recent description of rapid CB1R internalization after administration of efficacious cannabinoid agonists such as W I N 55212-2 (Hsieh et al., 1999) . These endosome-like organelles may be involved in trafficking CB1R not only to local dendrites but also to axon terminals in the globus pallidus, where CB1R binding sites are abundant and f unctionally active (Herkenham et al., 1991b,c; Sañudo-Peña and Walker, 1998; Tsou et al., 1998; Sañudo-Peña et al., 1999) .
The presence of CB1R in GABAergic striatal neurons is supported by our detection of CB1R on plasma membranes of some inhibitory-type terminals that most likely originate as local collaterals of spiny projection neurons and/or interneurons (Hohmann and Herkenham, 2000) . We observed nuclei typical of each Figure 6 . Colocalization of immunoperoxidase reaction product for OR (arrowheads) and immunogold particles for CB1R (arrows) in spiny dendrites in the CPN patch. A, A longitudinal section of a dually labeled dendrite (CB1R/OR D) containing CB1R and OR. Both peroxidase labeling and gold labeling are shown prominently on the plasma membrane. Diffuse OR-reaction product also is seen throughout the cytoplasm. CB1R/OR D is contacted by two unlabeled terminals (UT1, UT2), but only UT1 forms an asymmetric synapse (curved arrow) with the dually labeled dendrite. UT2 forms an asymmetric synapse (curved arrow) with a ORlabeled spine (OR Sp) . This dendrite also is apposed by a OR-labeled dendrite (OR D) and an unlabeled dendrite (UD). B, Dually labeled dendritic spine (CB1R/ OR Sp). Cytoplasmic CB1R immunogold labeling and OR peroxidase labeling are seen on the plasma membrane. The peroxidase OR also is distributed more diffusely throughout the spine. The spine receives an asymmetric synapse (curved arrow) from a OR-labeled terminal (OR T ). C, Perisynaptic CB1R and OR distributions near an asymmetric axospinous synapse from an unlabeled terminal (UT1). The peroxidase reaction product for OR also is expressed, however, on other portions of the plasma membrane and cytoplasm in this spine as well as in a second spine (OR Sp) . This spine receives an asymmetric synapse from an unlabeled terminal (UT2). Scale bars: A, B, 0.4 m; C, 0.25 m.
cell type (DiFiglia et al., 1980) in somata containing CB1R. Moreover, all spiny neurons and many interneurons contain GABA (Smith et al., 1998) . Thus, activation of presynaptic CB1R may reduce GABA release and subsequently reduce inhibitory postsynaptic currents in the CPN (Szabo et al., 1998) . The CB1R-labeled terminals forming symmetric synapses also may contain either acetylcholine or dopamine, because these neurotransmitters are present in morphologically similar terminals (Pickel et al., 1981; DiFiglia, 1987; Contant et al., 1996) . The presence of acetylcholine seems unlikely, however, because cholinergic striatal interneurons do not express CB1R mRNA (Hohmann and Herkenham, 2000) . and cytoplasmic CB1R peroxidase labeling within an axon terminal (CB1R T ) forming an asymmetric synapse (curved arrow) with an unlabeled spine (USp). One plasmalemmal aggregate of reaction product is seen on the presynaptic membrane of the asymmetric junction and is apposed by an unlabeled terminal (UT ). The spine contains a spine apparatus (SpAp) in the neck region. D, Immunogold CB1R (arrow) labeling on the presynaptic plasma membrane of a terminal (CB1R T ) forming asymmetric synapses (curved arrows) with two unlabeled dendritic spines (USp1, USp2). The location of the presynaptic gold particle is almost identical to that of the presynaptic plasmalemmal peroxidase reaction in C. The terminal and the spine are apposed by an unlabeled terminal (UT ). E, Diff use cytoplasmic immunoperoxidase reaction product for OR is seen in an axon terminal (CB1R/OR T ) that contains gold particles (arrows) for CB1R. The terminal is apposed to an unlabeled dendrite (UD1) and establishes a synapse (solid thick arrow) with an unlabeled small dendrite (UD2). 
CB1R localization in excitatory terminals
Our observed localization of CB1R-LI to presynaptic plasma membranes of excitatory-type terminals in the CPN is in agreement with the reported distribution of CB1R immunolabeling in cortical pyramidal neurons that are major sources of excitatory inputs to striatal spine heads (Tsou et al., 1998; Ong and Mackie, 1999) . These results suggest that the CB1R is transported anterogradely from somatic sites of synthesis in cortex to excitatory axon terminals in the CPN. Thus, the activation of the CB1R on corticostriatal terminals may modulate the postsynaptic excitability of spiny neurons in the CPN via changes in presynaptic release of glutamate. Inhibition of glutamate release by CB1R activation would result in a reduction in excitatory postsynaptic currents in the CPN, as reported in several brain regions (Shen et al., 1996; Lévénes et al., 1998; Auclair et al., 2000; Kim and Thayer, 2000; Szabo et al., 2000; Takahashi and Linden, 2000) . Activation of CB1R may decrease presynaptic glutamate release via the inhibition of N-and P-type Ca 2ϩ channels and/or changes in the activity of K ϩ channels (Mackie et al., 1993 (Mackie et al., , 1995 Wheeler et al., 1994; Henry and Chavkin, 1995; Shen et al., 1996; Takahashi and Linden, 2000) .
CB1R in perisynaptic and perivascular glia
Our results provide direct in vivo evidence for selective CB1R distribution in perisynaptic and perivascular glial processes in the CNS. The localization is consistent with the known presence of CB1R mRNA and protein in astrocytic and glioma/astrocytoma cell cultures (Sánchez et al., 1998a,b; Guzmán and Sánchez, 1999; Bouaboula et al., 2000) . In addition, astrocytes in culture have been shown to bind and take up the CB1R endogenous ligand, anandamide (Di Marzo et al., 1994) . Others have suggested, however, that glial cannabinoid receptors are distinct from CB1R (Sagan et al., 1999) . This discrepancy might reflect the fact that the CB1R antiserum used in the present study recognizes the related glial receptor protein. This seems unlikely, however, because our antiserum has been shown to be highly selective for CB1R (Twitchell et al., 1997; Tsou et al., 1998) . In contrast with our results in the CPN, an ultrastructural study that used this antiserum in the hippocampal formation failed to detect glial labeling (Katona et al., 1999) . This may reflect variability in CB1R distribution in glial cells that parallels regional differences in neuronal activity, as suggested by known regional differences in the involvement of CB1R in glial gap junction conductances Figure 8 . Immunoperoxidase and immunogold CB1R labeling of glial processes (asterisks). A, Peroxidase reaction product within the cytoplasm of glial processes (asterisks) apposed to the basal membrane (BM ) of endothelial cells (EC) lining the blood vessel lumen (BVL). Another CB1R-labeled glial process is apposed to an unlabeled spine (USp) that receives a perforated asymmetric synapse (curved arrow) from an unlabeled terminal (UT ). B, Immunogold-labeled perivascular glial process. Abbreviations are the same as in A. C, Peroxidase labeling for CB1R within the cytoplasm and along discrete segments of the plasma membrane of a perisynaptic glial profile. The glial process apposes an unlabeled dendrite (UD) and an unlabeled spine (USp). The spine receives a perforated asymmetric synapse (curved arrow) from an unlabeled terminal (UT1) and is apposed to another unlabeled terminal (UT2). Scale bars: A, 0.3 m; B, C, 0.5 m. (Venance et al., 1995) . We cannot, however, exclude the possibility that the regional differences in glial CB1R labeling are attributed to differences in methodology, because fixation conditions and labeling protocols differed between our study and that of Katona et al. (1999) .
The selective perisynaptic distribution of CB1R in glial processes near excitatory-type axospinous synapses suggests that glial CB1R is involved in glutamatergic transmission. Perisynaptic astrocytes express the glutamate transporter and also contain the enzymes required for conversion of glutamate to glutamine, which is required for glutamate synthesis (Sonnewald et al., 1997; Hertz et al., 1999) . Thus, astrocytic CB1R in the CPN may play a role similar to that previously suggested for glial metabotropic glutamate receptors in other brain regions, mediating specific neuron-glia interactions (Mineff and Valtschanoff, 1999) . The endogenous cannabinoids may, in fact, be derived from glutamatergic corticostriatal neurons (Cadas et al., 1996) , accounting for the presence of CB1R and metabotropic glutamate receptors on glial processes near excitatory-type synapses. Furthermore, glutamate evokes Ca 2ϩ waves in adjacent astrocytes, triggering a response in neighbor neurons that may be modulated and/or blocked by cannabinoids (Cornell-Bell et al., 1990; Charles et al., 1992; Charles, 1994; Nedergaard, 1994; Venance et al., 1995) .
In addition to ramifications near excitatory axospinous synapses, CB1R-labeled astrocytic processes were associated prominently with the basal membranes of blood vessels. This distribution suggests the involvement of CB1R in coupling neuronal activity with blood flow and/or metabolism (Alkayed et al., 1997; Guzmán and Sánchez, 1999) . In cultured astrocytes the production of glutamine from glutamate via the tricarboxylic cycle generates adenosine triphosphate (ATP; Hertz et al., 1999) , and ATP induces the release of arachidonic acid via G i -protein-coupled purinergic receptors (Chen and Chen, 1998) . Furthermore, cannabinoids and arachidonic acid are potent vasodilators (Hillard, 2000) . Together, these observations suggest a potentially novel role for CB1R in glutamatergic transmission and concomitant changes in the cerebral circulation in response to neuronal activity. These actions may be interrelated with astrocytic regulation of energy metabolism (Lavado et al., 1997; Pellerin et al., 1997; Guzmán and Sánchez, 1999) .
